The effects of trunk girdling and crop load levels on skin color, juice composition, and root elongation of a red table grape, 'Aki Queen' (Vitis labrusca L. × V. vinifera L., tetraploid) were investigated. The treatment of a low crop load with girdling significantly elevated the anthocyanin concentration in berry skin compared to that of a high crop load without girdling. The total soluble solid content of berries was significantly greater in a low crop load with girdling than in other treatments. Titratable acidity was not different among treatments. Root elongation stopped for two weeks as a result of the girdling treatment, regardless of the crop load level. Root elongation after girdle healing was vigorous when the crop load was low.
Introduction
Temperature conditions affect the coloration of grape berries (Kliewer, 1970; Tomana et al., 1979) . Grapes produced in southwestern Japan, including Kyushu Island, where the nighttime temperature is considerably high during the ripening season, usually have poorer skin coloration than those in cooler regions of Japan (Naito et al., 1986) . The coloration of red grapes, such as 'Aki Queen' (V. labrusca L. × V. vinifera L., tetraploid), is severely affected by high temperatures (Yamane et al., 2006) , resulting in lower market prices.
Girdling prior to fruit set improves the berry set (Brown et al., 1988) , girdling after the set has a positive effect on berry size (Carreño et al., 1998) , and girdling at the beginning of the ripening phase enhances skin color and berry ripening (Carreño et al., 1998; Peacock et al., 1977) . The immediate effect of a complete girdle is to interrupt the movement through the phloem of photosynthates produced by leaves. This increases foliar carbohydrates (sugars and starch) and plant hormones in vine parts above the girdled position at the expense of the trunk and root system (Roper and Williams, 1989) .
Crop load levels of grapevines also affect skin color and juice composition. Reducing the number of nodes per vine via increased pruning severity and/or reducing the cluster number per vine via cluster thinning led to increase soluble solid concentrations in grape berries (Bravdo et al., 1985; Edson et al., 1995; Howell et al., 1987; Takahashi, 1985) and anthocyanins (Kliewer and Weaver, 1971) .
Crop load levels had a greater effect on fruit quality when girdling treatment was applied (Hirano et al., 1994; Matsui et al., 1979; Weaver, 1963; Yamamoto et al., 1992) . In 'Delaware' grape berries, the sugar content increased in proportion to the number of leaves per cluster on girdled shoots (Matsui et al., 1979) . The combination treatment of cluster thinning and girdling is considered to be effective for improving the skin coloration of grapes in warm regions. However, these studies have used shoots or branches for girdling and crop load treatment, and not entire vines (Hirano et al., 1994; Matsui et al., 1979; Weaver, 1963; Yamamoto et al., 1992) . It is not clear whether girdling with different crop load levels affects fruit quality in entire vines as it does in shoots or branches because entire vines have strong alternative sink systems, the trunk and roots. No reports have compared the effects of trunk girdling with different crop load levels on fruit quality and root elongation. The objective of this study was to clarify the relative influences and interactions between crop load and trunk girdling on skin coloration and other fruit qualities in the entire vine, which could be available for determining an optimum crop load level of girdled vines in orchards.
On the other hand, trunk girdling stopped root elongation (Yamamoto et al., 1992) , and a reduction in root growth would have a detrimental effect on the subsequent season's vine canopy (Yang and Hori, 1980) . These adverse effects may make the girdling technique unsuitable in practice. However, no reports have shown the relation among girdling, root elongation, and the subsequent season's vine growth. Crop load levels are considered to affect the subsequent season's vine growth as well. In this study, we also tried to clarify the detrimental effects of trunk girdling with different crop load levels by measuring root elongation along with the subsequent season's shoot growth and fruit quality.
Materials and Methods

Plant material and treatment
Three-year-old self-rooted red table grapevines, 'Aki Queen' (V. labrusca L. × V. vinifera L., tetraploid) were used in this study. In 2004, these vines planted in 80-L plastic containers filled with a sand and compost mixture (9 : 1 v/v) were grown in a vinyl greenhouse in Akitsu, Hiroshima, Japan. Compound fertilizer containing 12 g, 6 g, and 12 g of N, P, and K, respectively, per vine was applied before bud break. Vines were automatically watered with 20 mm when the soil water potential decreased to −9.8 kPa, which is optimal for grapes grown in a container with a sand and compost mixture (Imai et al., 1991a (Imai et al., , 1991b .
Vines were trained to a flat-top trellis system with a single trunk. Each vine developed 16 to 24 shoots, and each shoot had one or two clusters. Shoots were thinned to eight per vine at three weeks after bud break. Each primary shoot was pinched before blooming, leaving 12 nodes; each lateral shoot was pinched once a week, leaving only one node. The length of the leaf blade was measured to estimate the leaf area of the vines, and the leaf blade length was converted into the leaf area using the equation y = 1.6165x 2 − 5.3696x (R 2 = 0.971, x: leaf blade length, y: leaf area). The equation was obtained from 'Aki Queen' leaves. The clusters were dipped in a solution of gibberellic acid (GA 3 ) at 25 mg·L −1 and forchlorfenuron at 3 mg·L −1 3 days after blooming to induce seedlessness and GA 3 at 25 mg·L −1 again 13 days after blooming for berry enlargement. The clusters were thinned to leave four (low crop load) or eight (high crop load) clusters per vine on June 6, two weeks after blooming. The number of berries was also thinned to 23 berries per cluster at the same time of cluster thinning. Trunk girdling with a width of 2 cm at a height of 1 m was conducted on June 23, thirty days after full bloom. The girdle healed between 2 and 3 weeks after the girdling. The experimental treatments were: 1) vines with a high crop load and not girdled (HCL-NG); 2) vines with a high crop load and girdled (HCL-G); 3) vines with a low crop load and not girdled (LCL-NG); and 4) vines with a low crop load and girdled (LCL-G). Five vines were used per treatment.
Yield, fruit composition, and skin color
All clusters were harvested on August 10 and weighed. Five berries were randomly sampled from each cluster.
After the berries were weighed, a skin disk (1.33 cm 2 ) was removed from the side of each berry with a cork boring tool. Anthocyanin was extracted from the discs with 5 mL of 50% (v/v) acetic acid for 24 h at 4°C. Then, absorbance of the extract was measured at 520 nm in a cuvette with a 10 mm path-length using a spectrophotometer (Ubest-30, JASCO, Tokyo, Japan). The anthocyanin concentration was expressed as milligrams of cyanidin 3-monoglucoside chloride (Extrasynthese, Genay, France). After removing the disc, the berries were crushed in a polyethylene bag and filtrated to the obtain juice. The total soluble solids (TSS, °Brix) in the juice were measured with a hand refractometer, and the titratable acidity was determined by the titration method with 0.1 N NaOH to a phenolphthalein end-point. Skin color was also measured nondestructively with a color index sheet (6 grades, for 'Aki Queen', Mie Prefectural Science and Technology Promotion Center, Japan) once a week after veraison.
Root elongation
Root elongation was measured as the traced length of the root, which appeared on a glass surface. The glass (210 mm × 300 mm) was inserted on the side of the plastic container and covered with a black sheet to block sunlight. The length of the visible root was measured once every one or two weeks from July 2 to September 2.
Starch content of the pruned cane
The internodes between the third and fourth nodes of canes were sampled just after pruning on January 20, 2005. The starch content of the internodes was determined according to the method of Sugiura and Ooshiro (2001) .
Shoot growth and fruit quality of the subsequent season
The shoot length and leaf area were measured on May 13, 2005, one month after bud break. The leaf area at the fourth node was measured with a leaf area meter (AAC 400, Hayashi Denkoh, Tokyo, Japan). The skin anthocyanin concentration, juice composition, and cluster and berry weights were measured on August 17, at harvest. The methods for the cultivation of vines were the same as in the HCL-NG treatment in the previous season, and those for the analysis of fruit quality were the same as those in the previous season.
Statistical analysis
Two-way ANOVA was used to evaluate significant differences in yield, cluster weight, berry weight, total soluble solids, titratable acidity, anthocyanin concentration, shoot length, and leaf area. Excel software (Microsoft, Redmond, WA, USA) and an Excel statistical package (Esumi Inc., Tokyo, Japan) were used for all statistical calculations (means, standard error, and two-way ANOVA).
Results and Discussion
The combined effects of crop load and girdling on berry growth and quality are shown in Table 1 . Crop load and girdling had no effect on cluster weight and berry weight. Some reports have shown that high crop loads can negatively influence berry weight (Hummel and David, 1998; Kliewer and Weaver, 1971; Reynolds et al., 1986) , but the extent of the effect is dependent on the cultivar (Bravdo et al., 1984; Weaver and Pool, 1969) and year (Reynolds et al., 1986) . Some studies indicated that berry weight was not affected by crop load levels (Edson et al., 1995; Morris et al., 2004) . The titratable acidity was not different among treatments. The effect of crop load on titratable acidity of the juice was also inconclusive. Some studies have shown that titratable acidity decreased with a reduced crop load (Reynolds, 1989; Wolpert et al., 1983) , whereas others have shown that it increased (Bravdo et al., 1985) . TSS was significantly greater in the LCL-G treatment than in other treatments. The HCL-G and LCL-NG treatments increased the TSS slightly more than the HCL-NG treatment. Anthocyanin concentration showed the same tendency as TSS. The anthocyanin concentration in berry skins with the LCL-NG and HCL-G treatments was 1.6 times and 1.9 times, respectively, that in the HCL-NG treatment. The LCL-G treatment elevated the anthocyanin concentration to 3.3 times that in the HCL-NG treatment.
The average date of veraison of HCL-NG, HCL-G, LCL-NG, and LCL-G vines was July 2, June 29, June 30, and June 28, respectively. In the HCL-G and LCL-G treatments, the skin colors increased more than in the HCL-NG and LCL-NG treatments until July 7 (Fig. 1) . The difference in the skin color index between HCL-G and LCL-G became wider from July 7 to 21. Kliewer and Weaver (1971) reported that anthocyanin and sugar accumulation increased with the leaf area per fruit weight up to 14 cm 2 ·g −1 in 'Tokay' grapes. In the review of the productivity of grapevines, Howell (2001) stated that the optimal leaf area per fruit weight for ripening was 7 to 14 cm 2 ·g −1 in general. In this study, the leaf areas per fruit weight were 9. 96, 8.88, 18.52, and 19 .26 cm 2 ·g −1 for the HCL-NG, HCL-G, LCL-NG, and LCL-G vines, respectively. In the LCL-NG treatment, the anthocyanin concentration and total soluble solids were only slightly higher than those in the HCL-NG treatment, although the crop load of LCL-NG was half that of HCL-NG. The leaf area per fruit weight of the LCL-NG vines was over 14 cm 2 ·g −1 , suggesting that leaf area per fruit weight might be excessive and have a lesser effect on the improvement of fruit quality.
In the LCL-G treatment, anthocyanin and sugar accumulations were much higher than in the HCL-G treatment. In girdled vines, anthocyanin and sugar accumulation increased in inverse proportion to the crop load. This result is consistent with the reports in 'Carignane' (Weaver, 1963) and 'Delaware' grapes x Tartaric acid equivalent. w **, *, and NS indicate significance at P ≤ 0.01, P ≤ 0.05, and not significant, respectively. (Matsui et al., 1979) , whereby anthocyanin and sugar accumulations increased proportionally with increasing leaves per cluster of girdled shoots. Motomura (1993) showed that the influence of phyllotaxis on the distribution of assimilates was inhibited by stem girdling, while a marked influence of phyllotaxis was detected in non-girdled shoots. In this study, trunk girdling appeared to change the direction of the translocation of the photosynthate of non-bearing shoots into clusters of adjacent shoots, and non-bearing shoots were thought to contribute to the accumulations of anthocyanin and sugar by actively exporting photosynthates into the clusters on adjacent shoots. The cumulative root length became higher in the LCL-NG treatment than that in the HCL-NG treatment a week after crop thinning, and the cumulative difference between the HCL-NG and LCL-NG treatments increased until harvest (Fig. 2) . Root elongation stopped for two weeks in the girdling treatment in both crop load levels. In the HCL-G treatment, the cumulative root length decreased about 200 cm more at two weeks after girdling than in the HCL-NG one; however, the difference in the cumulative root length between the two treatments was reduced to about 100 cm until harvest time. In the LCL-G treatment, root elongation after girdle healing was vigorous, and the cumulative root length was the same as that in the LCL-NG treatment at harvest time.
Girdling has been shown to increase the carbohydrate concentration above the girdle (Roper and Williams, 1989; Weaver and McCune, 1959) . Girdling treatment increased the starch content of pruned cane at both crop load levels ( Table 2 ). The starch content of pruned cane in winter was the highest in the LCL-G treatment. There was no difference between bearing and non-bearing cane in the low crop load treatments regardless of girdling. The accumulated assimilate above the girdle would greatly translocate to the root after girdle healing.
Although root elongation differed among treatments, there were no differences in shoot length and leaf area (Table 3 ) and fruit quality and yield (Table 4) in the subsequent season. Imai et al. (1991b) showed that the root of 'Kyoho' grapevines elongated from April to August, particularly, from April to June. In this study, the cumulative root length of the HCL-G between June and August decreased 37% more than that of the LCL-NG. The difference in the cumulative root length of an entire year would be smaller; therefore, it is considered that there were no differences in the subsequent season's shoot growth and fruit quality.
The combined treatment of a low crop load and trunk girdling was found to be effective for improving the skin color in unsuitable climates, such as locations where temperatures are high during the ripening period. When the crop load is low, root elongation after girdle healing is vigorous, and possible detrimental effect of girdling on the vigor of the vine may be minimized. An appropriate crop load level in a practical grape culture is thought to be determined by shoot density, cultivars, climate, and so on. Additional research is needed to evaluate the factors limiting crop load levels when girdling is conducted. 
